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I. ABSTRACT 
 
The recent discovering of new carbon allotropes has opened a new door in the field of 
Nanomaterials. Among all of them, carbon nanotubes (CNTs) might be the most 
fascinating material due its unique electrical, mechanical and thermal properties. 
Polymeric Nanocomposites (PNCs) combine the lightness and low cost manufacturing 
of polymers with CNTs high performance properties, being an attractive alternative to 
heavier metals or expansive ceramics. Thus, demand for new and stronger materials is 
constant in the PNCs industry. The aim of this project is to enhance friction and 
mechanical properties of Epoxy, Polyamide (PA) and Acrylonitrile butadiene styrene 
(ABS) using a wide range of different nanofillers. 
1wt% and 3wt% filled Epilox T19-36/700 epoxy was used for the friction analysis, 
using the reciprocating Anton Paar Pin-on-Disk Tribometer. One sample face was 
abraded against a 6mm diameter steel AISI 420 sphere while the other one was tested 
using the same material. For the mechanical analysis, 0,5wt% carbon soot ABS and PA 
wires were manually manufactured using an industrial extruder and tested in a QTest 
Elite 10 tensile machine.  
Tribometer analysis showed a coefficient of friction reduction up to 80% on the steel 
on epoxy tests whereas a 43% reduction was seen in the epoxy on epoxy tests. On the 
other hand, an enhancement of the general mechanical properties was seen in PA whilst 
a damaged ABS surface led to a bad mechanical behaviour. 
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1.  Introduction 
Since CNTs were discovered in 1991, science and engineering fields activity has 
exponentially increased. No other material has shown both superlative physical and 
chemical properties usable fir a wide range of applications (R.H. Baughman et al., 
2002). That combination of unique properties makes them ideal candidates to perform 
as filler in composite materials. Thanks to their electrical properties and high aspect 
ratio, make polymer conductive has been possible (B. E. Kilbride et al., 2002). In 
another are, CNTs high thermal conductivity are thought to increase composites 
thermal resistance (M. J. Biercuk, et al., 2002). Nevertheless, mechanical properties 
enhancement is the most promising area of research that CNTs offers when used as 
composite reinforcement. 
Fillers to strengthen composite materials have existed since about 4000BC when mud 
bricks helped humans to build structures. More recently, microfibers such as glass, 
alumina or carbon have been used to reinforce composite, increasing their overall 
mechanical properties. However, nanofibers are in the nanometre range, having 
diameters from 1 to 100nm and lengths of up to millimetres (K. Hata et al., 2004). These 
small dimensions increase high surface area per unit mass to unimaginable levels 
allowing a greater interaction between hosting matrices. 
PNCs industry is one of the most actives in the area of nanocomposites. Plastics 
lightness and cheap manufacturing combined to the superlative CNTs properties make 
then a very attractive alternative when looking for lighter components without giving 
up mechanical properties (J. M. Garcés, et al., 2000).  
The automotive industry is one of which seeks for renewal constantly in order not to 
stay one step behind their competitors. Weight reduction is one of their main headaches 
and PNCs seem to offer a solution. Thus, millions of dollars could be saved and fuel 
consumption would be reduced. However, there are many aspects to take into account.  
Tribology is known as the science that studies the friction, wear and lubrication of 
surfaces that are in relative motion (G. Stachowiak et al., 2013). Many elements in 
mechanical devices are under relative motion, meaning that are susceptible to suffer 
wear during their lifetime. Some studies have revealed that wear costs each person 
between $25 and $250 per year in the form of energy and material loss (K. C. Ludema, 
1996).  
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1.1.  Motivations 
Nanocomposite materials are becoming more and more important through the years 
because of their exceptional characteristics. They show a combination of properties that 
could not be achieved by any other conventional material family. Among all of them, 
PNCs show an incredible lightness and low cost without giving up mechanical 
properties. For that reason, demand is booming and many industries are investing 
millions in research in order to fully comprehend and exploit its exceptional properties 
to the maximum. 
1.2.  Aims and Objectives 
The main aim of this project is to compare the tribological and mechanical properties 
of three different polymers reinforced with a wide range of different nanofillers. The 
driving purpose of this research is to find out which one gives the best performance and 
try to understand why.  
In order to achieve it, the objectives marked for the project are: 
 To design a standardised process to test the samples and analyse the results 
 To compare the effect each filler has on the tribological properties of epoxy and 
understand why. 
 To investigate the effect of different filler percentages on the friction behaviour 
of epoxy samples. 
 To manufacture different polymers for a tensile test using different filler 
percentages. 
 To compare and understand the effect of the filler on the mechanical properties. 
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1.3.  Thesis Outline 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Project structure diagram. 
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2.  Literature Review 
This chapter is to give a general description of structure and properties of epoxy and 
carbon based nanoparticles separately. Then an overview of nanofilled epoxy properties 
will be given in order to understand the advantages over conventional polymers.  
2.1.  Epoxy 
Epoxy plastic was synthesised for the first time far back in history, in 1936 by Dr. Pierre 
Castan in Switzerland. It belongs to the thermoset group of polymers and nowadays it 
has a wide range of applications due to its properties.  
2.1.1.  Structure of Epoxy 
The molecular structure of any polymer can be idealized as a giant molecular “pearl 
necklace”. What conforms the totality of the polymer is not a single “necklace” (chain) 
but many of them which may be entangled with each other. A representation of a 
polymer chain can be seen in Figure 2.   
 
 
 
 
 
Figure 2. Representation of a polymer chain with its repeat units. 
 
One of the most common properties of almost all polymers is its high flexibility. This 
is because of the rotation possibilities that Carbon-Carbon bonding sequences (C-C) 
offer (Figure 3).  
 
Figure 3. Schematic of carbon bonding flexibility. 
Each “pearl”         represents a repeating unit 
formed by one or more monomers. 
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The flexibility degree will depend on many factors such as size and stiffness of the 
repeat unit or the special interaction between chains. The epoxy resin repeat unit is the 
epoxy group (or glyceryl group) (Figure 4) which can be hardened through a chemical 
process called curing that will be detailed later, obtaining usable plastic. 
 
 
 
Figure 4. Epoxy group. 
The etymology of epoxy comes from the junction of the words epi, which means “on 
the outside of” and oxy from oxygen. Thus, epoxy is formatted when an oxygen atom 
bonds with a carbon chain.  
2.1.2.  Synthesis of Epoxy 
The manufacturing process to obtain epoxy resin starts with the combination of simple 
basic chemicals, epichlorohydrin and Bisphenol A. Figure 5 shown a simple scheme of 
how epoxy is obtained. 
 
 
 
 
 
Figure 5. Epoxy resin manufacturing process. 
Using chemical formulas, the last stage out of the reaction is as shown in Figure 6 and 
Figure 7. 
 
Figure 6. Chemical reaction of the last stage to obtain epoxy resin. 
O 
 
CH2        CH 
Propylene 
+ 
Chlorine 
Acetone 
+ 
Bisphenol 
Epichlorohydri
n 
Bisphenol A 
Epoxy resin 
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Figure 7. DGEBA epoxy resin. 
The proportion between epichlorohydrin and bisphenol A is what the number of n 
repetitions i.e. the molecular weight of the chain. The lowest molecular weight that can 
exists is when n=0, being 340. Every time “n” increases by 1, the molecular weight 
increases by 284. This way, epoxi resin can be classified in high or low molecular 
weight depending on if it is over or under 700. 
To convert epoxy resin into an usable plastic, a reaction has to take place in order to 
hardener the material. This process consists on using a suitable substance that reacts to 
an external stimulus (chemical, thermal or UV) forming covalent bonds (cross links) 
between some chain segments. Once the cross links are formed the resin hardens, 
obtaining the maximum mechanical properties. Figure 8 shows the curing process. 
 
 
 
 
Figure 8. Curing process in thermosets. 
The suitable substance used normally are those with reactive hydrogens atoms such as 
alcohols, amines and amides. From these mentioned, amides are primarily used and can 
be classified in primary amines (NH2-R), secondary amides (NH-R1) and tertiary 
amines (N-R2) depending on how many hydrogens are being replaced by alkyl groups. 
The number of amino groups determines if it is a monoamine (NH2-R), a diamine (NH2-
R-NH2) or a polyamine (NH2-R- NH2-R- NH2-R- NH2). The reaction takes place when 
the hydrogen in the amine group reacts with the oxygen of the epoxy group. Figure 9 
shows the first phase of the chemical reaction using simplified formulas.  
 
 
Double 
bondings 
Cross link 
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Figure 9. Primary amine group reaction. 
In the first stage of the reaction, one of the hydrogens of the primary amine reacts with 
the epoxy group’s oxygen, forming a secondary amine group with a hydroxyl group 
(OH-) ready to react with another epoxy group (Figure 10). 
 
 
 
 
Figure 10. Reaction of the second amine group. 
 
Taking into account that a primary diamine has four reactive hydrogen atoms, each 
hydrogen should react with an epoxy group. 
2.1.3.  Properties and Characteristics 
Currently epoxy is one of the most used thermosets worldwide and that is probably 
because of its high versatility. There are more than 50 different substances that fit on 
epoxy’s definition. Along with the hundreds of different hardeners that exist, one can 
modify epoxy plastic’s properties according to the needed requirements. However, 
certain basic properties remain the same.  
Table 1. Epoxy plastic main properties and characteristics. 
Epoxy plastic’s basic properties 
Adhesion High capacity to adhere to most substrates. 
Mechanical strength Tensile strength can exceed the 80MPa. 
Chemical resistance Very resistant to most chemicals (alkali) 
Water tightness Very often used to protect against water. 
    O                          H       O 
R-NH2  +  CH2          CH-         R-N-CH2-   
Primary amine  Epoxy group Secondary amine group 
O 
O 
    H       O              O                            CH2- 
R-N-CH2-  +  CH2          CH-        R- 
                                                              CH2-                          
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Electrical insulation 
capacity 
Excellent electrical insulators with a resistivity normally 
around 1013Ω·m 
Shrinkage 
Very low shrinkage because of a small molecular 
reorientation during hardening process. 
Heat resistance 
Heat deflection temperature above 70ºC when room 
temperature hardened and up to 250ºC when heat 
hardened. 
Modifiable 
A very high capability to modify the final properties 
depending on the hardener used. 
Stability in light 
Aromatic based epoxy resins are sensitive to UV, but 
depending on the hardener light resistance can be 
enhanced. 
 
2.1.4.  Epoxy plastic application areas 
10,5%
7,9%
16,3%
18,4%
24,2%
10,5%
3,8%
8,4%
 
Figure 11. Epoxy plastic main application areas. 
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2.2.  Nanotechnology 
Nanotechnology is the science that searches for the development and application of 
nanostructured materials in order to produce devices for the benefit of the human 
beings. It is an emerging technology that is gaining more and more importance in the 
industrial sector, not only because of its higher properties when compared to the 
microstructured materials but because of the impact that can generate in a wide variety 
of fields such as electronics, automotive, textile or computer information technology. 
The main problem concerning nanomaterials in the actuality is the expansive costs to 
synthesize them (Dai, 2006). Because of that, nanotechnology has awakened much 
attention in the research laboratories, just to find a way to generate nanomaterials with 
lower cost. 
1 nanometer (nm) = 10-9 metre (m). 
In the atomic scale, 1 nanometer is four to three atoms wide. 
2.2.1.  Effect of nanosize on the surface area 
One of the most significant characteristics of nanomaterials is the big surface area per 
unit of volume. For example, let’s consider a fiber with a radius of 1 mm and a length 
of 10mm. Then, the total surface area is (Bal, et al.): 
𝑆 = 2𝜋rL =  2𝜋10−3 · 10−2 = 2𝜋10−5𝑚2  (1) 
Now we can estimate how many nanofibers (𝑟0=10nm) fit inside the previous fiber: 
𝑛 = 𝑟
2
𝑟02
⁄ = 10
−6
10−18⁄ = 10
10 𝑓𝑖𝑏𝑒𝑟𝑠 (2) 
If we calculate the surface area of all these nanofibers, then we have: 
𝑆𝑛 = 2𝜋𝑛𝑟0L = 2𝜋10
10 · 10−8 · 10−2 = 2𝜋𝑚2 (3) 
So the total surface area increases by the factor of: 
𝑆0
𝑆⁄ = 𝟏𝟎
𝟓 (4) 
This increase of the surface area can be applied to nanoparticles as well. 
The high surface area to volume ratio gives nanomaterials an incredible ability to 
perform some tasks better than conventional materials in any other range of sizes. 
Although the size of the particle is normally said as being the responsible for the high 
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mechanical properties, the morphology of the small particle might be an important fact 
to take into account. If one considers a cubic centimeter of a material, most of the atoms 
are in the bulk of the material and around one in ten million are located on the surface 
(He et al.); if now one considers a nanometer cube where over 80% of the atoms are 
located on the surface, which enables more reactions to take place at the surface with 
the environment that surrounds it.   
2.3.  Carbon based nanoparticles 
Carbon is known as being the most versatile element on Earth (Paradise et al., 2007). 
This element has been present since the beginning of biologic life, helping living 
organisms such as plants to carry out the chemical process known as photosynthesis 
(Hirsch, 2010). Nearly an infinite possibilities are provided by carbon due its many 
allotropes (or polymorhps). All these various forms have the same building block in 
common, the carbon element but according to the arrangement of the carbon atoms 
many different properties can be achieved such as great lubrication (graphite), hardness 
(diamond) or gas adsorption (charcoal) (Pierson, 1993). 
2.3.1.  Graphite 
Along with diamond, graphite is one of the two natural allotropes of elemental carbon. 
Graphite is the most common form of carbon and has been among humankind for a 
long time, used to write and draw since the dawn of history. Graphite is still a very 
versatile material; strong fibres, gas-tight barriers, gas adsorbers and excellent 
lubricants can be produced with graphite. All these have the same characteristic in 
common: the trigonal sp2 bonding (Pierson, 1993). 
The structure of graphite consists of a sp2 hybridised carbon sheet stacked in parallel 
series. Each carbon atom is bonded to three others arranged in a honeycomb structure 
as shown in Figure 12. The covalent bonding within the carbon sheet is strong (sigma), 
but the hybridized fourth electron is bonded together with another delocalized electron 
of the continuous plane by a weak van der Waals bond. Thus, this fourth electron is free 
to migrate, making graphite electrically conductive throughout the basal planes. 
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Figure 12. Schematic of graphite structure with the stacked planes. 
2.3.2.  Graphene 
Graphene is the basic building block of all graphitic materials and it has been studied 
for more than 70 years. It is the name given to a flat monomer of carbon atoms tightly 
packed into a two-dimensional (2D) honeycomb lattice (Geim, et al., 2007). Because 
of the high flexibility of its bonding it can be moulded into an unlimited number of 
structures and morphologies, showing an equally large variety of physical properties 
(Neto A. H. et al., 2009). It can be wrapped up into a 0D fullerenes, rolled into a 1D 
nanotubes or stacked into 3D graphite (Figure 13). The structure of graphene has been 
used for describing the properties of various carbon-based materials and it is still under 
research. 
2.3.3.  Carbon nanotubes 
When Oberlin, Endo and Koyama (Oberlin A. et al., 1976) first found about the carbon 
fibers, they couldn’t think of an application for them. It was not until seventeen years 
later when Iijima rediscovered and defined them as carbon nanotubes (CNT). The 
unique properties of these structures promised unimaginable applicability (Iijima S. et 
al., 1993).  
Carbon nanotubes present a nanometric diameter <150nm and a length of some orders 
of magnitude compared to its diameter. According to the structure of the nanotube, three 
different kinds of carbon nanotubes are considered: 
a0 
0.141
nm 
Layer Plane 
Spacing 
0.3354nm 
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 Single-walled carbon nanotubes (SWCNT). A single graphene sheet rolled into 
a cylinder with a diameter between 1 and 2nm and a length of around 1µm; 
 Double-walled carbon nanotubes (DWCNT). Two layers of graphene stacked 
and rolled concentrically with a diameter between 2 and 4 nm; 
 Multi-walled carbon nanotubes (MWCNT). They present a diameter between 4 
and 200nm. 
These nanotubes demonstrate quite unique and promising mechanical, thermal, optical 
and electrical properties. These properties are co-dependent on the symmetry of the 
structure of graphene. In 2008 firsts thermal and mechanical properties were reported, 
showing record values for the room temperature thermal conductivity (~5000 W·m-1 
k·-1), electrical conductivity (107 S.m-1) and a theoretical Young modulus up to 1TPa 
(Geim et al., 2009) 
 
Figure 13. Schematic of graphene displaying 0D buckyballs or fullerenes, 1D CNTs and 3D graphite 
(from left to right) (Geim, et al., 2007). 
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2.3.3.1.  Functionalization of Carbon nanotubes 
CNTs performance in polymer nanocomposites depends mainly on two factors: 
dispersion and bonding of CNTs within the hosting matrix (Hirsch, A., 2002). A good 
dispersion can be accomplished during processing stages whereas CNTs bonding is 
through weak van der Waals forces, unable to provide an efficient load transfer between 
CNT and matrix.  However, many papers have shown that CNTs surface modification 
using either chemical functionalization or physical modification enhances the interface 
adhesion (Balasubramanian, K et al., 2005).  
2.2.3.  Soot carbon 
Soot carbon is a mixture of Black carbon (BC) on its majority, the strongest light-
absorbing material and some organic carbon (Goldberg, E. 1985). BC is formed by the 
incomplete combustion of hydrocarbons (fossil fuels, biofuels and biomass). Soot 
carbon is commonly used as pigment and reinforcement in vehicle tires because it helps 
conduct heat away, decreasing the thermal damage. On the other hand, BC is considered 
one of the main causes of the global warming. Soot particles consist typically of nano-
spheres with diameters > 100nm that possess distinct structures of concentrically 
wrapped, graphene-like layers of carbon (Buseck, P. R et al., 2012). 
2.2.4.  Other nanofillers 
A part from carbon based nanofillers, some other nanomaterials have been used to 
reinforce epoxy. A table with a detailed information of all nanofillers used can be seen 
in APPENDIX-A. 
2.3.  Polymer nanocomposites 
Polymer nanocomposites can be defined as nanometre inorganic particles dispersed 
within an organic polymer matrix. Thus, a synergistic effect is obtained, enhancing the 
overall properties of the polymer (McNally, T. et al. and Grady, B. P). Unlike traditional 
polymer composites filled with high fractions (60 vol.%), polymer nanocomposites use 
a very low loading (up to 5vol.%) of well-dispersed nanofillers (L. S. Schadler et al., 
2007). Firsts studies on polymer nanocomposites properties took place in 1993 and 
1995 from Toyota R&D department (Usuki et al. and Okada A.) in their search to find 
lighter and stronger materials to replace heavy components in the automotive industry. 
After their findings on what they called “Hybrid” materials, the demand increased and 
many companies started investing in the research for new polymers nanocomposites. 
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Because of that, nanofillers list was expanded and lots of new polymer matrixes were 
investigated. Nowadays, polymer nanocomposites industry is one of the most actives 
in the area of nanomaterials. Nanoparticles provide the polymer with properties no other 
filler in the micro-range could, focused mainly in strengthening the electrical, 
mechanical and thermal performance. 
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3.  Methodology and Experimental Procedure 
In this chapter materials and laboratory equipment involved in the analysis are 
described. The later part of this section describes the followed procedure to develop the 
experiments.  
3.1.  Materials 
3.1.1.  Epoxy samples 
Epilox T 19-36/700 hardened with H10-31 was used for the wear tests, a detailed data 
sheet of this polymer is given in APPENDIX – B. To prepare the samples used in the 
Tribometer a standardized operating procedure has been followed using the Ultra 
Turrax instrument. APPENDIX – C shows a detailed description of the epoxy samples 
manufacturing. 
First of all, the proportion of the epoxy resin has to be calculated and prepared. Filler 
and hardener proportions are handed by the producer. Table 2 shows the nomenclature 
used for the mixture preparation. 
Table 2. Nomenclature used for Epilox preparation. 
Material Shortcut 
Epoxy resin A 
Hardener B 
Filler C 
 
Thus, A + B + C = 100%. The filler contents have been set to 1%wt and 3%wt because 
these values have shown best results in other studies (Marquis et al., 2011). On the other 
side, the proportion for the Epilox is: resin / hardener = 60 / 40. 
3.1.1.1.  Epoxy nanocomposite with 1%wt 
The procedure followed to calculate the percentages with 1%wt. filler (C = 1%; A + B 
= 99%) 
 
 
 
Thus, A + B + C = 59.4% + 39.6% + 1% = 100% 
40
100
=
𝐵
99
 
𝐵 =
40 ∙ 99
100
= 39.6% 
60
100
=
𝐴
99
 
𝐴 =
60 ∙ 99
100
= 59.4% 
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E.g. with 25g of Epilox using 1%wt of nanofiller would be: 
 
 
 
Thus, A + B + C = 14.85g + 9.9g + 0.25g = 25g 
3.1.1.2.   Epoxy nanocomposite with 1%wt 
The procedure is the same as followed in the 1%wt. In this case C = 3%; thus A + B = 
97%) 
 
 
 
This way, A + B + C = 58.2% + 38.8% + 3% = 100% 
E.g. with 25g of Epilox using 3%wt of nanofiller would be: 
 
 
 
Therefore, A + B + C = 14.55g + 9.7g + 0.75g = 25g 
A measurement of the samples is shown in Figure 14;  
 
Figure 14. Tribometer sample measurements of (a) epoxy nanocomposite cube and (b) testing sample. 
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Once the testing samples are ready, small cubes of around 3x3x3mm are cut for the 
polymer with polymer tests. 
3.1.2.  Mechanical analysis samples 
The materials used in the mechanical tests have been Polyamide (PA) and Acrylonitrile-
Styrene-Butadiene (ABS). Both materials were personally manufactured with an 
industrial extruder using different temperature profiles and nanofiller content as shown 
in Table 3. Temperatures were set according to the polymer’s melting point using an 
ascendant profile. Figure 15 shows the most important parts of an industrial extruder 
and its 
Table 3. Mechanical analysis samples specifications 
Material 
Filler content 
(%wt) 
Head 
temperature 
profile 
 (A – B – C) 
Barrel 
temperature 
profile 
(1 – 2 – 3) 
Diameter 
(mm) 
PA 0 
270 – 270 – 270 280 – 290 – 300 
3.00mm 
PA 0.5 3.30mm 
ABS 0 
215 – 220 – 240 190 – 195 – 200 
3.00 
ABS 0.5 3.30 
 
Figure 15. Industrial extruder with a detailed description of the ascendant temperature profile. 
Extruder rate was set at 14rpm increasing progressively until 19rpm. The samples 
extracted were collected on a bobbin and stored in a box that was taken to the laboratory. 
Head Barrel 
Hopper 
Zone B Zone C Zone A 3     2      1 
Motor 
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Figure 16 shows some of the extracted wire samples for the mechanical analysis. 
 
Figure 16. 0.5wt% ABS wire samples for tensile analysis. 
3.2.  Laboratory Equipment 
The laboratory equipment used for this project consists of tribometer, tensile testing 
machine and a plastic extrusion machine. 
3.2.1.  Tribometer 
The reciprocating Anton Paar Pin-on-Disk Tribometer (see Figure 17) was used to 
determine the evolution of the wear coefficient relatively to the sliding distance of 
different samples. The specifications of this tribometer are given in Table 4. In the 
reciprocating test, the flat surface of the specimen is abraded against a steel sphere in 
two different directions contrarily to the unidirectional sliding tests.  
Before each usage, a friction force calibration had to be done. 
Table 4.  Pin-on-Disk Tribometer specifications. 
Standard Tribometer 
(TRB) 
Normal Force Range Up to 60N 
Normal Force Resolution 10mN 
Friction Force Range Up to 10N (20N option) 
Friction Force Resolution 0.03mN 
Rotating Movement 
Speed 0.3rpm to 600rpm (1500rpm option) 
Radius 0.5mm to 35mm 
Maximum Torque 450mN·m 
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Rotational Reciprocating Movement 
Speed 0.3rpm to 600rpm (1500rpm option) 
Frequency 0.01Hz to 7Hz 
Angular Amplitude ±10º to ±150º 
Angular Resolution 0.1 
Options 
Heating Capability  
Up to 450ºC in dry condition / up to 150ºC in liquid 
condition 
Relative Humidity Level 15% to 95% 
 
 
Figure 17. Anton Paar Pin-on-Disk Tribometer (TRB). 
3.2.1.1.  Friction force calibration 
The procedure adopted for friction force calibration was as follows; A detailed process 
of the calibration can be seen in APPENDIX – D. 
 Turn on the tribometer machine by switching the button in the “on” position.  
 Start Tribometer software  
Counterweights 
5N Load 
Rotary plate 
Radius bloquing lever 
Radius wheel 
Encoder 
motor 
Position lever 
Solid steel arm construction 
Pin, ball 
holder 
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 Set the calibration instruments in proper position. 
 Click File > Instrument > Hardware Configuration 
 On the new window, click Edit  
 Go to Calibration > Friction Force Calibration and then Start Calibration 
 Add the corresponding weight and follow the instructions on the screen 
 Once the calibration is finished keep the instruments in the suitcase. 
3.2.2.  Universal Testing Machine 
To measure the mechanical properties of the manufactured ABS wires the 
electromechanical MTS QTEST Elite 10 was used. A general description of the 
machine is seen in Figure 18. The equipment comes with its own testing software, 
TestWorks 4. The specifications of this tensile machine are shown in Table 5.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 18. (a) External features of a typical MTS QTest Elite system load frame, (b) anti-rotational load 
cell mounting with grip adapter. 
Crosshead Bolt 
Crosshead 
Anti-Rotation 
Mounting Plate 
Load Cell 
Grip Adapter 
Grip Adapter Bolt 
Pin 
Upper Limit 
Crosshead 
Lower Limit 
Base Adapter 
Emergency 
Stop 
(a) (b) 
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The working principle of the machine consists in a measurement of the crosshead 
displacement that holds the specimen. Once the machine is started the crosshead moves 
up at the set rate, applying an increasing load on the specimen.  The software then 
records all the data as load (F) vs. displacement of the crosshead (d). The mechanical 
data obtained can be further elaborated to determine more information such as 
elongation, stress, strain, young’s modulus and fracture toughness. 
Table 5. Tensile testing machine specifications. 
MTS QTest Elite 10 
Capacity 10kN 
Crosshead Travel 1016mm 
Width Between Columns 406mm 
Loading Axis to Cover 
Clearance 
Unlimited 
Maximum Speed 1.016mm/min 
Minimum Speed 0.025mm/min 
Return Speed 1.016mm/min 
Capacity at Maximum Speed 100% 
Speed Accuracy (% of set 
Speed) 
0.25% 
Frame Stiffness 123kN/mm 
Physical Characteristics 
Height  1702mm 
Width 661mm 
Depth 508mm 
Weight 109kg 
Machine Type Table Top 
Power 
120 or 220/230 VAC, single phase (47-
63Hz) 
 
3.3.  Experimental Methodology 
In this section a detailed explanation of the experimental procedure followed in the tests 
will be given. 
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3.3.1.  Tribometer testing procedure 
To adapt the epoxy samples taken from the lab to the rotary plate, an aluminium 
cylinder had to be manufactured. The experimental procedure includes the following 
steps; 
1. Calibrate the machine according to the procedure mentioned in 3.2.1.1. 
2. Set the parameters as shown in Table 6 
3. Clean the epoxy sample surface with a piece of cloth 
4. Use double face scotch tape to stick the sample to the aluminium cylinder 
5. Move the lever to the up position. 
6. Lift the steel arm and fit the cylinder to the rotary plate 
7. Tighten the rotary plate so the cylinder fits perfectly without moving. 
8. Lower the steel arm  
9. Move the lever to the middle position and check if the sample and the pin are 
aligned 
10. In case both are not aligned, move the rotary plate manually until they are 
11. Lower the lever to the down position, the ball should touch the sample surface 
12. Start the test 
13. When the test is finished, move the lever to the up position 
14. Lift the steel arm, untighten the rotary plate and remove the cylinder 
15. Replace the tested sample with a new one and repeat from step 3 
In the epoxy to epoxy tests, the pin was replaced by a 2x2x2mm piece of the same 
material of the tested sample. 
Table 6. Parameters for the tribometer tests. 
Parameter Value set 
Radius  25.01mm 
Angle, α  15º 
Cycles 1000.00 cycles 
Force 5.00N 
Frequency 9Hz 
 
To carry out the tests, three samples were used for each material, testing three times 
each sample at room temperature (25ºC) and 60% of relative humidity. Figure 19 shows 
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the typical data extracted from a reciprocating test, an exact data sheet extracted from 
the tribometer software is shown in APPENDIX – E for further information. The test 
allows to determine the coefficient of friction (μ) calculated by: 
μ =
𝐹𝑓
𝐹𝑛
  (Ec. 1) 
where Ff is the friction force parallel to the sliding surfaces and Fn is the normal load. 
The following test conditions were established: pin - polished steel sphere (AISI 420) 
with 6mm diameter; specimen - rectangular sample (dimensions: 22 mm x 22mm x 
5mm); normal load = 5N; amplitude motion = 3.27mm; maximum linear velocity = 
0.185m/s; sliding distance = 13.09m.  
 
 
 
 
 
 
 
 
 
 
Figure 19. An example of reciprocating test data from a pin-on-disk Tribometer, showing the 
coefficient of friction (μ) as function of the sliding distance. 
3.3.1.1.  Wear rate 
Some bismuth and wire samples were weighted before and after the tests in order to 
calculate the wear rate (Wr) and specific wear rate (k). Because of the sample 
dimensions, radius had to be adjusted to 8mm in order to perform the test correctly, the 
rest of the parameters remained the same. 
Wr =
𝛥𝑚
𝐿
 ; 𝑘 =
𝛥𝑚
𝜌𝐹𝐿
 (Ec. 2 and 3) 
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Where Δm is mass loss, L is the sliding distance, ρ is the material density and F is the 
normal load applied. 
3.3.2.  Mechanical analysis procedure 
In order to adapt the extruded wire to the machine crosshead a special steel grip had to 
be used. The wire is passed through a small hole of the grip and tightened lifting the 
crosshead using the automatic control system as shown in Figure 20. The test conditions 
for the mechanical analysis are specified in Table 7. 
Table 7. Test conditions established in the tensile test 
Parameter Value  
Load cell  1kN 
Initial distance between grips 150mm 
Crosshead rate 15mm/min 
Initial Force 0N 
 
 
Figure 20. (a) QTest Elite 10 analysis instrument with the automatic control system; (b) wire sample 
attached to the special grip before the mechanical test. 
The experimental procedure followed in the mechanical analysis of the PA and ABS 
wires is: 
~ 150mm 
(a) (b) 
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1. Take the wire coil and cut 3 samples of around 2 metres long each. 
2. Get one end of the sample and pass it through the upper grip hole and turn it 
around the grip three times 
3. Repeat with the other end through the lower grip hole 
4. Close and lock the shield 
5. Use the controller to adjust the wire without tighten it as shown in Figure 20 (b) 
6. Set the Load and the displacement to 0. 
7. Start the test 
8. Stop the test as soon as the sample breaks 
9. Lower the grips using the controller 
10. Unlock and open the shield 
11. Replace the tested sample with a new one and repeat from step 2 
For the mechanical analysis 3 samples were taken from each material coil; 12 samples 
were tested in total. After all tests were finished the data file was exported to process 
and extract the needed information for the results evaluation. Software gives the 
information in displacement as function of load, the first step is to convert them into 
strain (ε) as function of stress (σ) respectively. Figure 21 shows an example of a typical 
stress-strain curve. 
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Figure 21. Example of engineering stress-strain curve. 
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Stress-strain curves are worldwide used to study mechanical behaviour of materials. 
Many parameters values such as stress, strain, Young’s Modulus and fracture toughness 
can be determined from the graphics. To understand better what those concepts mean, 
a brief definition will be given. 
Stress (σ)  
Real Stress (Ec. 4) can be defined as the ratio of applied load (F) per unit cross section 
area (A0).  
𝜎 =
𝐹
𝐴0
  (Ec. 4) 
Where F is the applied load and A0 the original area of the tested element. Units of 
tensile stress are Mega Pascal (MPa). 
Strain (ε) 
Real strain (Ec. 5) measures the deformation as the change in length divided by the 
original length. Tensile strain is dimensionless but sometimes is given as a deformation 
percentage (%). 
ε =
𝛥𝐿
𝐿0
  (Ec. 5) 
Where ΔL is the change in length and L0 is the original length of the unstressed element  
Young’s Modulus (E) 
Also known as the modulus of elasticity is defined as the slope of the curve in the elastic 
region (shown in Figure 21 as the red area). Most practical units used are MPa or Giga 
Pascals (GPa). 
Fracture Toughness (U) 
Fracture toughness is the energy stored in the stressed element to break. It is commonly 
measured as the area under the stress-strain curve. 
𝑈 = ∫ 𝜎𝑑𝜀
𝜀𝑦
0
   (Ec. 6) 
In the elastic region it can be simplified to 
𝑈 =
1
2
𝜎𝜀  (Ec. 7) 
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4.  Results and Discussions 
4.2.  Tribometer tests results 
4.2.1.  Steel – Epoxy tests 
4.2.1.1.  MWCNT 
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Figure 22. MWCNT group friction coefficient on steel. 
The results show that contrary to what was expected, an increase amount of nanofiller 
increases the coefficient of friction (µ) except in the case of MW7, which shows a very 
interesting µ reduction of 57% compared to the 1%. Only MW1-1%, MW8 and MW9 
have shown better results than the blank epoxy sample.  
Table 8. MWCNT group data extracted from the test. 
Material 
µ value 
(average) 
Std. deviation % reduction to E0 
MW0 1.50 0.33 -7.91% (increase) 
MW1 1% - 3% 1.12 – 1.42 0.24 – 0.32 19.42% – (-2.16%) 
MW2 1% - 3% 1.40 – 1.47 0.30 – 0.32 -0.72% – (-5.76%) 
MW7 1% - 3% 1.48 – 0.63 0.30 – 0.14 -6.47% – 54.68% 
MW8 1% - 3% 1.07 – 0.87 0.21 – 0.19 23.02% – 37.41% 
MW9 1.00 0.20 28.06% 
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4.2.1.2.  Functionalized MWCNT  
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Figure 23. Functionalized MWCNT group friction coefficient on steel. 
MWCNT functionalization enhances interface bonding between the matrix and the 
filler through chemical treatment. Thus, it is expected a reduction of µ as seen in Figure 
H when compared to the blank epoxy. Again, samples containing 3%wt filler doesn’t 
show better properties compared to 1%wt samples. Notice that hydroxyl (OH) group 
functionalized samples (MWF0 and MWF1) shown the best results compared to the 
carboxyl (COOH) group (MWF2 and MWF3). 
Table 9. Functionalized MWCNT group data extracted from the test. 
Material 
µ value 
(average) 
Std. deviation % reduction to E0 
MWF0 1% - 3% 0.47 – 1.23 0.10 – 0.23 66.19% – 11.51% 
MWF1 1% - 3% 0.54 – 1.01 0.11 – 0.21 61.15% – 27.34% 
MWF2 1% - 3% 0.83 – 0.83 0.17 – 0.18 40.29% – 40.29% 
MWF3 1% - 3% 0.97 – 0.55 0.23 – 0.13 30.22% – 60.43% 
 
39 
 
4.2.1.3.  Graphitized MWCNT 
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Figure 24. Graphitized MWCNT group friction coefficient on steel. 
Both MWG1 and MWG2 shown an enhancement of the friction properties when 
compared to the blank sample. MWG1 shows the best results, reaching the lowest µ 
values at 3%wt. MWG1 (thin graphitized MW) increased its µ values along with the 
nanofiller content. A very low standard deviation is also seen in the MWG1 samples 
which means a very fast friction stabilization. 
Table 10. Graphitized MWCNT group data extracted from the test. 
Material 
µ value 
(average) 
Std. deviation % reduction to E0 
MWG1 1% - 3% 0.40 – 0.28 0.09 – 0.07 71.22% – 79.86% 
MWG2 1% - 3% 0.64 – 0.81 0.13 – 0.18 53.96% – 41.73% 
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4.2.1.4.  SWCNT 
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Figure 25. SWCNT group friction coefficient on steel. 
SW1 only shown a slightly reduction in the coefficient of friction while SW2 (short 
single walled CNT) shown better results. The length of the nanotubes might be related 
to µ values as it is the only difference between SW1 and SW2. 
Table 11. SWCNT group data extracted from the test. 
Material 
c value 
(average) 
Std. deviation % reduction to E0 
SW1 1.31 0.23 5.76% 
SW2 1 0.19 28.06% 
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4.2.1.5.  Graphene 
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Figure 26. Graphene oxide MWCNT group friction coefficient on steel. 
GR1 group exhibited a very good performance reducing µ values up to 66%. Only one 
sample has been tested so a comparison in relation to the filler can’t be seen. A low 
deviation of the results is also seen in the results, reaching the steady state very soon. 
Table 12. Graphene oxide MWCNT group data extracted from the test. 
Material 
µ value 
(average) 
Std. deviation % reduction to E0 
GR1  0.47 0.13 66.19% 
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4.2.1.6.  Carbon Group Nanomaterials 
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Figure 27. Carbon group nanomaterials friction coefficient on steel. 
Carbon group nanomaterials displayed a wide range of results. Showing a convincing 
friction reduction in all the samples except P3-3%. Carbon nano-beads (P1) reduces 
slightly the friction, reaching its lowest values in the 3%wt filler samples. On the other 
hand, P2 and P3-3%wt samples show significantly worse results than the 1%wt ones. 
In house made samples (FCCF340) exhibits the best friction properties of all carbon 
group nanomaterials, presenting a very low standard deviation as well. PC samples also 
show interesting results with a low results deviation. 
Table 13. Carbon group nanomaterials data extracted from the test. 
Material 
µ value 
(average) 
Std. deviation % reduction to E0 
P1 1% - 3% 0.99 – 0.94 0.19 – 0.17 22.78% – 32.37% 
P2 1% - 3% 0.63 – 1.05 0.09 – 0.21 54.68% – 24.46% 
P3 1% - 3% 0.58 – 1.41 0.12 – 0.27 58.27% – (-1.44%) 
FCCF340 1% - 3% 0.45 – 0.39 0.08 – 0.11 67.63% – 71.94% 
PC 0.48 – 0,51 0.13 65.57% – 63.31% 
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4.2.1.7.  Bismuth 
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Figure 28. Bismuth based group friction coefficient on steel. 
The bismuth group showed totally opposed results in the two different materials. 
Bismuth oxychloride samples µ values decreased as the filler content was lowered 
while in bismuth oxide increased along with filler. 
Table 14. Bismuth based group data extracted from the test. 
Material 
µ value 
(average) 
Std. deviation % reduction to E0 
BiOCl 1% - 3% 0.73 – 0.58 0.21 – 0.17 47.48% – 58.27% 
Bi2O3 1% - 3% 0.56 – 0.76 0.16 – 0.22 59.71% – 45.32% 
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4.2.1.8.  Carbon soot 
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Figure 29. Carbon soot group friction coefficient on steel. 
Only CS1-1%wt have shown an enhancement of the friction properties. The CS1-3%wt 
samples properties were very similar to the blank epoxy. 
Table 15. Carbon soot data extracted from the test. 
Material 
µ value 
(average) 
Std. deviation % reduction to E0 
CS1 1% - 3% 0.57 – 1.41 0.12 – 0.27 58.99% – (-1.44%) 
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4.2.2.  Epoxy – Epoxy tests 
4.2.2.1.  MWCNT 
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Figure 30. MWCNT group friction coefficient on same material. 
The results given in the epoxy test are very different compared to the steel ones. The 
opposite effect has been noticed, while MW1 and MW2 shown the worst friction 
properties on steel, the best results are given in the epoxy to epoxy tests. The higher the 
filler content increases the overall friction (except on MW1-3% samples) as occurred 
in the steel tests. MW7-3% shows the worst friction properties increasing by 27% the 
µ coefficient. MW8 samples show very similar properties to the blank epoxy. 
Table 16. MWCNT group data extracted from the test. 
Material 
µ value 
(average) 
Std. deviation % reduction to E0 
MW0 0.59 0.12 11.94% 
MW1 1% - 3% 0.48 – 0.39 0.11 – 0.09 28.36% – 41.79% 
MW2 1% - 3% 0.44 – 0.48 0.12 -0.13 34.33% – 28.36% 
MW7 1% - 3% 0.66 – 0.85 0.19 – 0.23 1.49% – (-26.87%)  
MW8 1% - 3% 0.63 – 0.68 0.18 – 0.20 5.97% – (-1.49%) 
MW9 0.62 0.17 7.46% 
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4.2.2.2.  Functionalized MWCNT  
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Figure 31. Functionalized MWCNT group friction coefficient on same material. 
The results have shown an important decrease on the friction properties in all the 
samples except on MWF2-3% which slightly increases µ. Again OH groups show better 
properties than COOH group. Here the difference in the filler content makes almost no 
difference on the results. Generally, CNT functionalization reduces friction by 
enhancing the bonding between nanotubes and the matrix. 
Table 17. Functionalized MWCNT group data extracted from the test. 
Material 
µ value 
(average) 
Std. deviation % reduction to E0 
MWF0 1% - 3% 0.38 – 0.38 0.09 – 0.11 43.38% – 43.28% 
MWF1 1% - 3% 0.41 – 0.43 0.09 – 0.11 38.81% – 35.82% 
MWF2 1% - 3% 0.50 – 0.69 0.11 -0.18 25.37% – (-2.99%) 
MWF3 1% - 3% 0.66 – 0.37 0.18 – 0.09 1.49% – 44.78% 
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4.2.2.3.  Graphitized MWCNT 
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Figure 32. Graphitized MWCNT group friction coefficient on same material. 
Graphitized samples have not shown remarkable results in comparison to the steel tests. 
Best results are given by MWG1, showing the lowest µ values on the 3% samples. 
Table 18. Graphitized MWCNT group data extracted from the test. 
Material 
µ value 
(average) 
Std. deviation % reduction to E0 
MWG1 1% - 3% 0.54 – 0.50 0.14 – 0.12 19.40% – 25.37% 
MWG2 1% - 3% 0.51 – 0.67 0.13 – 0.18 23.88% – 0% 
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4.2.2.4.  SWCNT 
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Figure 33.  SWCNT group friction coefficient on steel. 
Both SW1 and SW2 have shown an enhancement of the friction properties. SW1 have 
reduced its µ coefficient by a 18% whilst SW2 (short SWCNT) have shown a reduction 
up to 42%. In SWCNT samples, the length of the nanotubes seems to have a 
repercussion on the final results. 
Table 19. SWCNT group data extracted from the test. 
Material 
µ value 
(average) 
Std. deviation % reduction to E0 
SW1 0.55 0.16 17.91% 
SW2 0.39 0.10 41.79% 
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4.2.2.5.  Graphene 
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Figure 34. Graphene oxide MWCNT group friction coefficient on same material. 
Graphene group results have also shown a remarkable reduction with a very low 
standard deviation as in the steel tests. The steady stage was reached very early in the 
tribometer tests. 
Table 20. Graphene oxide MWCNT group data extracted from the test. 
Material µ value (average) Std. deviation % reduction to E0 
GR1  0.39 0.10 41.79% 
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4.2.2.6.  Carbon Group Nanomaterials 
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Figure 35. Carbon group nanomaterials friction coefficient on steel. 
The performance of the carbon group samples has not been as good as in the steel tests. 
The groups P1, FCCF340 and PCC have not barely decreased their friction properties 
compared to the blank epoxy while P2 and P3 have shown a mediocre enhancement, 
giving its best value on P2-3% where the µ coefficient has been reduced up to 43%. P2 
and P3 also have reached the steady state very fast. 
Table 21. Carbon group nanomaterials data extracted from the test. 
Material µ value (average) Std. deviation % reduction to E0 
P1 1% - 3% 0.71 - 49 0.15 – 0.11 -5.87% – 26.87% 
P2 1% - 3% 0.46 – 0.38 0.09 – 0.09 31.34% – 43.28% 
P3 1% - 3% 0.44 – 0.48 0.09 – 0.11 34.33% – 28.36% 
FCCF340 1% - 3% 0.65 – 0.64 0.17 – 0.18 2.99% – 4.48% 
PC 0.66 0.17 1.49% 
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4.2.2.7.  Bismuth 
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Figure 36. Bismuth based group friction coefficient on steel. 
Bismuth group have shown the worst results of all, remaining the µ values unchanged 
if not increased in all cases except in BiOCl-1%. The tests have been repeated using the 
other face of the samples to make sure the results are not affected by bismuth particles 
distribution because of its high density (as they go down due its high density). The 
results have not changed. 
Table 22. Bismuth based group data extracted from the test. 
Material µ value (average) Std. deviation % reduction to E0 
BiOCl 1% - 3% 0.63 – 0.70 0.18 – 0.19 5.97% – (-4.48%) 
Bi2O3 1% - 3% 0.69 – 0.71 0.19 – 0.17 -2.88% – (-5.97%) 
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4.2.2.8.  Carbon soot 
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Figure 37. Carbon soot group friction coefficient on same material. 
Carbon Soot group have slightly enhanced friction in both samples. Best results are 
given in the 3% samples followed by the 1% by a small difference. 
Table 23. Carbon soot data extracted from the test. 
Material µ value (average) Std. deviation % reduction to E0 
CS1 1% - 3% 0.59 – 0.55 0.18 – 0.14 11.94% – 17.91% 
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4.2.2.9.  Bismuth samples 
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Figure 38. Variation of wear rate among different bismuth samples 
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Figure 39. Variation of specific wear rate among different bismuth samples. 
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A samples have shown lower wear ratio (Wr) and specific wear ratio (k). B and C results 
show very similar results, being B values slightly lower than C. Worst test results have 
been reported by D samples showing values three times higher than A samples.  
Table 24. Wear rate and specific wear rate data form the wear tests. 
Material Wear rate x 104 (g/m) Spec. Wear rate x 104 (cm3/N·m) 
Sample A 0,42 0,07 
Sample B 0,95 0,16 
Sample C 0,98 0,17 
Sample D 1,38 0,24 
4.2.3.   ABS wire 
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Figure 40. ABS wire friction coefficient on aluminium. 
Carbon soot reinforced ABS has not shown a better performance compared to the blank 
ABS on the friction tests nor the wear rate analysis.  
Table 25. ABS wire data extracted from the test. 
Material µ value (average) Std. deviation % reduction to E0 Wear rate 
ABS 0% 0.84 0.21 0% 5.86x10-4 
CS 0,5% 0.90 0.22 -7.14% 8.25x10-4 
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4.2.4.  PA wire 
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Figure 41. PA wire friction coefficient on aluminium. 
Although friction tests have shown an increase on the coefficient of friction of the 
carbon soot reinforced PA, a reduction of the mass loss have been seen on the wear rate 
analysis. This might be due to a bridging effect between the soot nanoparticles within 
the PA matrix, keeping the material together while abraded.   
Table 26. PA wire data extracted from the test. 
Material 
µ value 
(average) 
Std. deviation 
% reduction to PA-
0 
Wear rate 
(g/m) 
PA 0% 0.37 0.08 0% 3.5x10-4 
CS 0,5% 0.54 0.12 -45.95 7.18x10-5 
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4.3.  Tensile tests 
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Figure 42. Engineering stress-strain curves for PA and PA – 0,5wt%. 
Reinforced samples have shown an increase of the overall stress keeping constant the 
ultimate strain as seen in Table O. In Figure 42 a crack formation (1) can be seen 
followed by a quick recovering of the material. Necking process (2) is also seen in both 
curves, appearing earlier in the blank samples. Hardening after necking is constant and 
very similar in both materials. Young’s Modulus values show a slight increase on 
material stiffness on the 0,5%wt samples although quite lower compared to the values 
given in a standardized test. 
Table 27. Ultimate stress, ultimate strain and Young’s modulus for PA tensile tests. 
Material Ultimate stress Ultimate strain Young’s Modulus 
PA  51.64MPa 400.09% 129.86MPa 
PA 0.5% 54.98MPa 400.08% 149.36MPa 
 
 
 
1 
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4.3.1.  ABS 
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Figure 43. Engineering stress-strain curves for ABS and ABS – 0.5wt% 
Unlike PA samples, reinforced ABS have shown a detriment of the general mechanical 
properties. Many cracks have appeared during the analysis, reflected as little peaks in 
both curves. It is important to mention that some cracks appeared after the 
manufacturing process, probably because of internal stresses due thermal contraction 
when cooled down. Incredible low values of Young’s modulus have been reported. That 
might be because of the early crack formation and propagation along with the 
imperfections generated after the material manufacturing. 
Table 28. Ultimate stress, ultimate strain and Young’s modulus for ABS tensile tests. 
Material Ultimate stress Ultimate strain Young Modulus 
ABS 29.17MPa 31.14% 18.87MPa 
ABS 0.5% 26.34MPa 31.00% 6.24MPa 
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4.  Conclusions 
The incorporation of nanofillers have reduced friction coefficient values compared to 
blank epoxy. The best results in the steel on epoxy wear tests were given by MWG1 
and FCCF340, reducing the coefficient of friction up to 80% showing a very early 
stabilization.  
On the other hand, epoxy on epoxy tribometer tests shown did not show any 
coincidence to the steel on epoxy test and best results were given by MF0, P2 – 3%, 
MW1 – 3%, SW2 and GR1 in that order, showing a reduction up to 43% and reaching 
the steady stage very early as well.  
Generally, the 1%wt nanocomposites have shown better results than the 3%wt unlike 
to what was expected. That might be because of nanoparticles agglomeration, leading 
to a bad dispersion in the epoxy matrix. Key factors to accomplish a good wear 
performance are a strong interface bonding between the nanotubes and the matrix and 
a good dispersion within the matrix.  
Both PA and ABS samples increased wear on the tribometer tests. PA wire showed an 
enhancement in the tensile tests when reinforced with carbon soot, increasing ultimate 
stress and overall toughness without altering ultimate strain whereas reinforced ABS 
decreased all mechanical properties. ABS manufacturing process generated an 
uncountable number of cracks which led to a bad mechanical behaviour. 
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APPENDICES 
APPENDIX A – CARBON BASED NANOMATERIALS (CARBON_GROUP@POLITO) 
 
Code Type Makers & Label 
Diameter / 
Thickness 
(nm) 
Length 
(µm) 
Purity (weight %) 
Price / 
gram 
MULTIWALL CARBON-NANOTUBES 
MW-0 Short Multi Wall Cheaptubes 30-50 0.5-2.0 > 95 9,00$ 
MW-1 Multi Wall Cheaptubes 30-50 10-20 > 95 3,8$ 
MW-2 Thin Multi Wall Cheaptubes < 8 10-30 > 95 8,0$ 
MW-7 Multi Wall 
Nanothinx NTX-
3 
25-45 >10 =98.5 Free 
MW-8 Multi Wall 
Nanothinx NTX-
4 
6-10 >10 >90 Free 
MW-9 Multi Wall Graphene Market 110-170 5-9 90 % Free 
Functionalized  MWCNTs 
MWF-0 -OH Functional MW Cheaptubes 30-50 10-20 =95 11,20$ 
MWF-1 -OH Functional MW Cheaptubes < 8 10-30 =95 12,50$ 
MWF-2 -COOH Functional MW Cheaptubes 30-50 10-20 =95 11,20$ 
MWF-3 -COOH Functional MW Cheaptubes < 8 10-30 =95 12,50$ 
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Graphitized MWCNTs 
MWG-1 Graphitized MW Cheaptubes 20-30 10-30 >99,5 12,50$ 
MWG-2 Thin Graphitized MW Cheaptubes 8-15 10-50 =99 15,00€ 
SINGLE WALL CARBON-NANOTUBES 
SW-1 Single Wall Cheaptubes 1-2 5-30 >90 12,50$ 
SW-2 Short Single Wall Cheaptubes 1-2 0,5-2 >90 15,00€ 
GRAPHENE 
GR-1 Single Layer Graphene Oxide Cheaptubes 0,7-1,2 - =99 - 
CARBON GROUP NANOMATERIALS 
P1 Carbon Nano Beads Pravin 100-1000 - 90 NA 
P2 Mix MWCNTs Pravin - - 70 NA 
P3 MWCNTs Pravin 50-200 several 80 NA 
FCCF340 In-house made MWCNTs Pravin 50 179 85 NA 
PC1 Coconut Pravin - - - - 
BiOCl 
Bismuth Oxy-Chloride nano 
material 
Pravin - - - - 
Bi2O3 Bismuth Oxide nano material Pravin - - - - 
CARBON MATERIAL FROM OTHER PARTNERS 
CS1 Carbon Soot USA - - - - 
 
 
APPENDIX-B – EPILOX DATA SHEET 
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APPENDIX-C – STANDARD OPERATING PROCEDURE FOR EPOXY 
COMPOSITE PREPARATION 
Epoxy resin containing 1-3 percentages of nano-filler were prepared according to 
ASTM standard D-638 by the following recipe. 
Table 29. Recipe used for the nanofilled epoxy composites. 
Material Epoxy resin Hardener Nano-filler 
Blank Epoxy 63g 37g - 
1%wt. filled epoxy 62,37g 36,63g 1g 
3%wt. filled epoxy 61,11g 35,89g 3g 
 
The preparation takes place in a controlled environment at a constant room 
temperature (25ºC) and relative humidity of 65%. The working area and tools used 
must be cleaned in order to avoid any contamination, nitrile gloves are used as well 
for safety. 
The procedure is as follows: 
1. Turn on the scale and calibrate it  
2. Cover the load cell with some weighing paper 
3. Place the baker on the scale and zero it pressing the ‘ESC’ button (Figure 44) 
4. Add the filler in the beaker according to the recipe, then zero the scale again 
5. Pour the epoxy resin in the beaker corresponding to the filler and weight 
carefully 
6. Mix the components with the help of a stirrer 
7. Blend the mixture using Ultra Turrax, starting at 8000rpm for 2 min and 1 min 
at 12000rpm 
8. The rotating teeth of Ultra Turrax must not touch the beaker to avoid any glass 
particle from contaminate the mixture 
9. Add the hardener to the blended mixture and weigh carefully 
10. Mix for around 4 min with the mechanical mixer at around 20rpm (Figure 45a) 
11. Leave the obtained mixture in the sonicator for 10min at 0ºC to further 
improve the dispersion and remove air bubbles formed during the blending 
(Figure 45b) 
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12. If bubbles are still seen, repeat step 11 for 10 more minutes. 
13. Add the samples into the vacuum machine for 20 minutes to further remove 
possible entrapped air (Figure 46c) 
14. After the 20 minutes, put the samples in the oven at 70ºC for 4 hours to cure 
them 
 
Figure 44. Elements of the scale used to weight the materials for Epilox. 
 
Figure 45. (a) Mechanical mixing of the components, (b) sonication of the mixture and (c) Degassing 
using a vacuum chamber. 
 
Weighing paper 
Display ESC button 
Load cell 
AC adapter 
Sliding 
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APPENDIX-D – FRICTION FORCE CALIBRATION PROCEDURE 
 
 
 
 
 
 
 
 
 
Figure 46. Instruments used in friction force calibration 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 47. Tribometer calibration process. Reference marks for the mounting (a); Disk assembled in the 
disk holder, make sure it is tightened (b); Tampon fit into bracket holder (c); Put of the calibration 
weight (d); Make sure the rope forms a 90º angle as shown in Figure 21 (e). 
 
5N reference weight 
Disk holder 
Tampon with a rope attached 
Disk 
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APPENDIX-E – DATA MEASURAMENT FROM TRIBOMETER SOFTWARE 
 
